Introduction
Antiretroviral therapy (ART) during pregnancy is critical to prevent mother-to-child transmission (MTCT) of human immunodeficiency virus (HIV) infection and to delay disease progression [1] . Widespread use of antiretrovirals has been accepted for the prevention of MTCT, despite the lack of safety data related to human pregnancies [2] [3] [4] .
The potential clinical risks associated with antiretroviral exposure in HIV-pregnant women, fetus and infants have been reported by observational studies with varying strengths of evidence and conflicting results [5] [6] [7] [8] [9] . Antiretroviral drugs have been associated with adverse pregnancy outcomes such as preeclampsia, fetal death, preterm birth and low birth weight, although controversial results have been published [10] [11] [12] [13] [14] [15] .
Several physiopathological mechanisms have been proposed to explain the adverse clinical effects in HIV pregnancies. The negative mitochondrial and clinical effects of nucleoside reverse transcriptase inhibitors (NRTIs) used in highly active antiretroviral therapy (HAART) have been firmly established in HIV-infected nonpregnant adults [16] [17] [18] . These negative effects depend on the capacity of the NRTI to inhibit DNA g-polymerase, the only enzyme devoted to the replication (and to a lesser extent, the repair) of the mitochondrial DNA (mtDNA) genome, thus leading to a decrease in mtDNA copy number and quality, which, in turn, may finally cause mitochondrial dysfunction [16] .
Such mitochondrial abnormalities may be magnified by the effects of HIV itself, since it has been demonstrated to cause diffuse mitochondrial alterations, either in vivo or in vitro, probably through the activation of apoptotic mechanisms triggered by HIV proteins [19] [20] [21] . Additionally, increased apoptosis rates have also been demonstrated after in-vitro exposure to NRTI and in tissue from patients using antiretroviral drugs [22] .
The known patterns of mitochondrial and apoptotic toxicity in HIV patients receiving NRTI therapy suggest that some children, though HIV-uninfected, may be at risk of developing sequels from in-utero HIV and NRTI exposure [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Mitochondrial toxicity along pregnancy has been studied in animal models including uninfected pregnant monkeys exposed to ART. This model demonstrates the association between in-utero NRTI exposure and fetal tissue mtDNA depletion, altered mitochondrial respiratory chain (MRC) function and mitochondrial dysmorphology [23] .
Blanche et al. [24] associated, for the first time, mitochondrial dysfunction with the manifestation of perinatal hyperlactaemia and neurological and developmental sequels in NRTI-exposed children from HIV mothers. Although few abnormal clinical findings are usually found in NRTI-exposed infants, the incidence of mitochondrial dysfunction is increased in these children by 26% [25] . However, conflicting experimental results have been reported in the few studies currently available analysing mitochondrial toxicity in cord blood mononuclear cells (CBMCs), peripheral blood mononuclear cells (PBMCs) or placenta of asymptomatic antiretroviralexposed newborn [24] [25] [26] [27] [28] [29] [30] [31] [32] . Consequently, no concern has been raised about the obstetric and perinatal safety of NRTIs in human pregnancies. Some studies have shown mtDNA depletion compared to controls [26] [27] [28] [29] , whereas others have reported no significant changes [25, 30] and the remaining have even described increased content [31, 32] . Additionally, most of these studies did not assess mitochondrial number, function, translation efficiency or apoptosis development, which would bring light into the cell consequences of mtDNA depletion.
Considering the controversial results regarding mtDNA depletion in newborn from HIV-infected mothers and the lack of assessment of alternative markers of mitochondrial lesion we measured the real impact of mitochondrial dysfunction on CBMCs of antiretroviralexposed HIV-uninfected children. Additionally, to our knowledge, no study has evaluated mitochondrial function and apoptosis in HIV-pregnant women or has correlated these data with pregnancy outcome.
We hypothesized that mitochondrial toxicity and apoptosis caused by HIV and ART could be the underlying pathophysiological mechanism of adverse perinatal outcome in HIV pregnancy. To address this question we compared mitochondrial and apoptotic parameters of HIV-infected women and their children with respect to healthy controls to correlate experimental results with immunovirological, therapeutic and obstetric data.
Patients and methods

Design
We performed a single-site, cross-sectional, controlled observational study without intervention.
Study population
Sixty-two pregnant women were prospectively and consecutively included in the present study during their routine prenatal care at first trimester of gestation, in the Materno-Fetal Medicine Department of the Hospital Clinic of Barcelona (Barcelona, Spain).
Mitochondrial and apoptotic studies of 27 asymptomatic HIV-1-infected pregnant women, 35 uninfected pregnant controls and their newborns were performed at delivery. Controls and cases were matched by age and parity. The inclusion criteria for pregnant women were: age at least 18 years, single pregnancy and delivery after at least 22 weeks of gestation and, in case of HIV-infected patients, previous diagnosis of HIV-1 infection.
All individuals were informed and signed written consent was obtained for inclusion in this protocol and approved by the Ethical Committee of our hospital.
In order to avoid confounders of mitochondrial toxicity, patients taking other potentially toxic drugs for mitochondria were excluded from the study as were patients with familial history of mitochondrial disease.
An electronic database was created to collect epidemiological, obstetric, immunovirological and therapeutic data, perinatal outcome and experimental results.
Maternal epidemiological and obstetric parameters included information on maternal age, race, parity, illicit substance abuse and mode of delivery.
Immunovirological parameters for HIV-1-infected women consisted in measuring CD4 þ T-cell count (by flow cytometry) and plasmatic viral load by HIV-1 RNA copy quantification (Amplicor HIV Monitor; Roche Diagnostic Systems, Branchburg, New Jersey, USA) along pregnancy. Antiretroviral therapy was administered to all HIVinfected pregnant women following international guidelines. HIV women were stratified into different categories of therapeutic care according to the use of antiretroviral drugs during pregnancy. HAART always consisted of a double-NRTI schedule and either one protease inhibitor or one non-NRTI drug (NNRTI).
Information regarding perinatal outcome for both HIVinfected pregnant women and controls included: gestational diabetes mellitus, preeclampsia (new onset of hypertension of >140 mmHg systolic or >90 mmHg diastolic pressure and >300 mg proteins/24 h of urine), fetal death (>22 weeks of pregnancy), gestational age at delivery, preterm birth (<37 weeks of gestation), birth weight, newborn small for gestational age (<10th percentile), 5-min Apgar score below 7, neonatal admission to intensive care unit and global adverse perinatal outcome.
Finally, experimental data included the collection of maternal and fetal mitochondrial and apoptotic measures.
Sample collection and processing
Immediately after delivery, 20 ml of peripheral blood was collected from women by antecubital vein punction and 20 ml of cord blood was collected from their infants in EDTA tubes. This method of infant blood extraction was designed to prevent invasive sample collection and increase study participation. In both samples mononuclear cells were isolated by Ficoll density gradient centrifugation, divided into aliquots and stored at À808C until analysis.
Platelet count was confirmed below 25 per lymphocyte/ monocyte, suggesting negligible platelet contamination for the mtDNA depletion assay.
Protein content was measured according to the Bradford protein-dye binding-based method [33] .
Mitochondrial studies in maternal peripheral blood mononuclear cells and newborn cord blood mononuclear cells
Mitochondrial DNA quantification To evaluate mtDNA depletion, total DNA was obtained by standard phenol-chloroform extraction procedure. A fragment of the mitochondrial-encoded ND2 gene and the nuclear-encoded 18S rRNA gene were amplified in triplicate and separately by quantitative rtPCR using the Roche Lightcycler thermocycler [18] . The relative content of mtDNA was expressed as the ratio between mitochondrial to nuclear DNA amount (ND2 mtDNA/ 18S rRNA nDNA content).
Mitochondrial protein synthesis
To assess mitochondrial translation efficiency, we performed Western blot analysis of 20 mg of total cell protein through 7/13% SDS-PAGE electrophoresis and posterior immunoquantification of the mitochondrialencoded and located COX-II subunit (25.6 kDa) with respect to the nuclear-encoded and mitochondrially located voltage-dependent anion channel protein (V-DAC; 31 KDa) to establish the relative COX-II abundance per mitochondria (COX-II/V-DAC) [18] .
Mitochondrial respiratory chain complex II, glycerol-3phosphate dehydrogenase R complex III (G3Pdh R III) and complex IV (COX) enzyme activity To evaluate mitochondrial function, all mitochondrial enzymatic activities were measured by spectrophotometry according to the Rustin et al. [34] and Miró et al. [35] methodology. Enzymatic activity of MRC complex II was used as the control parameter supposedly unaffected by antiretroviral drugs because it is completely encoded, transcribed and translated by cytoplasmic machinery independent of mitochondria, whereas MRC complex III (CIII) and complex IV (CIV) are partially encoded, transcribed and translated by mitochondrial means. Specific enzymatic activities were expressed in absolute values as nanomols of synthesized substrate or consumed product per minute and milligram of protein (nmols/min/mg protein).
Mitochondrial mass
To assess mitochondrial number we performed the spectrophotometric measurement of citrate synthase activity [citrate synthase (CS): EC 4.1.3.7], a mitochondrial enzyme of the Kreb's cycle widely considered as a reliable marker of mitochondrial content [34] .
Apoptotic studies
To evaluate apoptotic cell death we performed Western blot analysis of 20 mg of total cell protein by 7/13% SDS-PAGE electrophoresis and posterior immunoanalysis of active (cleaved) caspase-3 pro-apoptotic protein expression (17) (18) (19) KDa) normalized by the content on b-actin protein signal (47 KDa) as a cell loading control. Chemioluminescence results were expressed as caspase-3/b-actin relative content and were interpreted as a marker of advanced apoptotic events.
Statistical analysis
Clinical and epidemiological parameters were expressed as means and range interval and experimental results as means and standard error of the mean (SEM) or as a percentage of increase/decrease with respect to healthy controls.
Adverse perinatal outcome, mitochondrial and apoptotic results of HIV-infected women and newborn were compared to those of uninfected women and their children to assess the presence of obstetric/perinatal problems and mitochondrial or apoptotic damage due to HIV infection and ART. Additionally, different correlations were sought between: molecular and functional mitochondrial parameters (to ascertain dependence of proper mitochondrial function on mitochondrial genome depletion); mother-to-child mitochondrial or apoptotic parameters (to determine maternal influence on newborn cellular status); and clinical and experimental data (to assess mitochondrial or apoptotic basis of obstetric problems and perinatal outcome).
Differences between cases and controls and correlations among quantitative parameters were assessed using nonparametric tests: Mann-Whitney analysis to search for independent sample differences, chi-squared test to calculate odds ratio (OR) values [OR; 95% confidence interval (CI); significance] and the Spearman's rank coefficient for parameter correlation (R 2 and significance). The level of significance was set at 0.05 for all the statistical tests.
Results
Clinical data
The clinical and epidemiological characteristics of the study participants and immunovirological and therapeutic data of HIV mothers are summarized in Table 1 .
All pregnant women were mainly of Caucasian origin, with an age ranging from 25 to 42 years. Nonsignificant differences were observed in maternal epidemiological data between HIV-positive and HIV-negative women.
For HIV participants, the mean time of HIV infection and HAART treatment prior to delivery was 84 and 48 months, respectively.
Most HIV women were under HAART before pregnancy (85%) and only four cases (15%) were naive for ART and started HAART at the second trimester of gestation. HAARTwas given to all patients at the time of delivery to avoid MTCT and consisted of two NRTI and either one protease inhibitor or one NNRTI (see Table 1 for percentages of treatment assignment).
At delivery, all women had received at least 6 months of double-NRTI treatment and the mean CD4 þ T-cell count was 560 cells/ml with an undetectable viral load.
Perinatal outcomes
The obstetric and neonatal outcomes of the study cohort are detailed in Table 2 .
All infants were HIV-uninfected with no clinical symptoms compatible with mitochondrial toxicity. Gestational diabetes mellitus, gestational age at delivery and neonatal intensive care unit admission tended to be increased, albeit not significantly, among HIV pregnancies, together with the reduction of birth weight at delivery.
Additionally, global adverse perinatal outcomes were significantly more frequent among HIV-positive pregnancies (11/27 vs. 3/35, OR 7.33; 95% CI 1.8-30.1; P ¼ 0.048). The overall prematurity rate was also significantly increased for newborns to HIV mothers (7/27 vs. 2/35, OR 5.77; 95% CI 1.1-30.6; P ¼ 0.034) with 57% (4/7) of the premature deliveries being at less than 35 weeks, 50% of which (2/4) were at less than 32 weeks. Finally, the number of infants who were small for gestational age was also significantly increased among HIV pregnancies (6/27 vs. 1/35, OR 9.71; 95% CI 1.1-86.5; P ¼ 0.036).
Mitochondrial and apoptotic maternal peripheral blood mononuclear cell analysis
Compared with uninfected controls, HIV-pregnant women showed a marked but nonsignificant trend to a decreased mtDNA content of 26.3% (P ¼ NS, and Table  1a ).
HIV-pregnant women also exhibited a significant decrease in the mitochondrial protein synthesis rate (25.9% COX-II/V-DAC content reduction, P ¼ 0.042; and Table 1a and b) and all MRC enzyme activities (18.5% for CIV and 31.2% for G3Pdh þ CIII function diminution; P ¼ NS and P ¼ 0.049, respectively; and Table 1a ). The only mitochondrial enzymatic activity 422 AIDS 2012, Vol 26 No 4 which was preserved in HIV women was MRC complex II (increased 13.7% compared to controls, P ¼ NS), used as a control parameter because it is independent to mtDNA depletion.
No differences were found in mitochondrial mass (CS activity) between cases and controls and, consequently, mtDNA content, mitochondrial protein synthesis or MRC enzymatic activities maintained the same trends when normalized to mitochondrial mass (data not shown).
HIV-infected pregnant women presented a marked, albeit nonsignificantly increased apoptotic rate of 100% compared with healthy controls (P ¼ NS; and Table 1a and b).
Maternal mtDNA levels and mitochondrial function (G3Pdh þ CIII activity) were positively and significantly correlated (Fig. 2) .
No significant correlation was, however, found between maternal experimental (mitochondrial or apoptotic) parameters and clinical results (including perinatal outcome, immunological status, ART or maternal age), except on considering time on NRTI treatment before pregnancy. Women exposed to NRTI for over 100 months presented a lower mtDNA content with respect to those under-exposed (88 vs. 55% remaining mtDNA content compared to controls, P ¼ 0.048).
Mitochondrial and apoptotic newborn cord blood mononuclear cell analysis
Infants born from HIV women exposed in utero to HIV and ART showed a significant decrease in mtDNA content of 38.6% compared with uninfected controls (P ¼ 0.006; and Table 1a ).
Similar to their mothers, infants born to HIV women also exhibited a significant decrease in mitochondrial protein synthesis (28.9% COX-II/V-DAC content reduction, P ¼ 0.045; and Table 1a and b) and a trend towards a decrease in all MRC enzyme activities compared to controls (14.8% for CIV and 28.9% for G3Pdh þ CIII activity diminution, P ¼ NS in both cases; and Table 1a ). According to its control function, the only mitochondrial enzymatic activity which remained unchanged between cases and controls was complex II (0.1% decreased in HIV and HAART-exposed infants, P ¼ NS).
Again, no differences were found in mitochondrial mass (CS activity) between cases and controls and, consequently, mtDNA content, mitochondrial protein synthesis or MRC function preserved identical trends when normalized to mitochondrial mass (data not shown).
Contrarily to their mothers, however, newborn mtDNA levels and mitochondrial function (G3Pdh þ CIII activity) were not correlated (Fig. 2) Additionally, there was a positive and significant correlation between all maternal and fetal mitochondrial and apoptotic parameters except in mtDNA content, either considering exclusively HIV cases, controls or both (Fig. 3) .
No significant correlation was, however, found between newborn mitochondrial parameters and maternal immunological status, ART regimen, age or adverse perinatal outcome.
Discussion
Animal models have shown evidence of mitochondrial toxicity from in-utero NRTI exposure [23] . However, clinical evidence of mitochondrial toxicity has largely been lacking in HIV mothers and their infants and there is conflicting evidence regarding the association of in-utero HIVand ARTexposure with mortality and morbidity due to mitochondrial dysfunction [24] [25] [26] [27] [28] [29] [30] [31] [32] . We observed a reduced mtDNA content and derived protein synthesis and MRC function in both PBMC of HIV-pregnant women at delivery receiving ART as well as in CBMC of their in-utero-exposed newborns. Although not all mitochondrial parameters showed statistically significant differences between cases and controls, all measures were reduced in HIV-pregnant women and their newborn, suggesting NRTI or HIV-mediated mitochondrial lesion. Our results are in concordance with the studies reporting mtDNA depletion in newborn from HIV-infected and treated mothers [26] [27] [28] [29] . However, none of these studies parallely evaluated mitochondrial number, mtDNAencoded MRC protein expression and mitochondrial function in HIV and HAART-exposed newborn. The present work strengthens the mitochondrial toxicity hypothesis by confirming that fetal mtDNA depletion is not an isolated finding and subclinical mitochondrial lesion is present in several markers of mitochondrial function downstream from mitochondrial genetics.
Although previously reported in nonpregnant adults [16] [17] [18] , this is the first time that similar results have been reported in HIV-infected and treated pregnant women. Mitochondrial lesion in oocytes of HIV-infected and treated women has previously been suggested to play an etiopathological role in the infertility of these women [17] and could, potentially, be the cause of their associated obstetric problems.
Whether mitochondrial lesion in both infected mothers and their newborn is due to HIV or ART is still a matter of doubt because, in our study, all HIV-pregnant women received ART prior delivery following international guidelines. Interestingly, we found increased mtDNA depletion in HIV-pregnant women with NRTI administration extended over 100 months, suggesting NRTImediated injury. However, HIV implication in mitochondrial lesion can not be discarded, especially because apoptosis was increased in HIV-infected women. HIVderived mitochondrial toxicity has been reported to be indirectly caused by the activation of apoptotic pathways [19] [20] [21] . To our knowledge, apoptotic studies have never previously been performed in HIV mothers and their infants. We observed that apoptotic events tend to be increased in HIV-pregnant women but remain unaltered in their newborn. This finding, although not significant, suggests that HIV itself could trigger the apoptotic phenomenon exclusively in HIV-infected pregnant women, whereas their infants, which are uninfected because of the therapeutic activity of HAART along pregnancy, show an unaltered apoptotic rate. Further studies are required to elucidate if apoptotic lesion is also present in naive pregnant women and in HIV-infected newborns. If apoptotic lesions are increased in these populations, obstetric problems of HIV pregnancies could be attributed, at least in part, to apoptotic means, thereby confirming the prevention of not only MTCTof HIV infection but also HIV-mediated apoptosis in newborn from HIV-infected women with the use of HAART.
Despite studying maternal and newborn mitochondrial and apoptotic parameters in different kinds of tissues (PBMCs and CBMCs, respectively), all were positively and significantly correlated, except for mtDNA content. We attribute this concordance to the maternal heritance of mitochondria organelles, exclusively provided by the oocyte along the fecundation process [17] .
In our opinion, different theories may explain maternofetal correlation of mitochondrial parameters and strengthen the hypothesis of NRTI-mediated mitochondrial toxicity, in detriment of HIV-induced mitochondrial damage. First, mitochondrial injury in maternal blood cells could limit its transplacental function once maternal blood is in the fetus. Second, mitochondrial toxicity may be nonexclusively restricted to maternal cells and could also be present in tissues more related to fetal development (including placenta) [29] . Finally, NRTIs cross the placenta [36] , becoming direct fetal-damaging agents.
Interestingly, maternal mtDNA levels and function positively correlated, demonstrating the dependence of mitochondrial functionalism on mitochondrial genetics. However, mtDNA levels and function were independent parameters in their newborn, with no trend towards association, especially in infant born from HIV pregnancies. This finding may explain why maternal and fetal mtDNA levels were the only parameters not associated between mother and child; mtDNA levels seem to be independently regulated in maternal and newborn compartments, perhaps due to distinct biological needs or capacities of response to toxic exposure. In our HIV cohort, global adverse perinatal outcome, preterm birth and frequency of small for gestational age newborns were significantly increased. However, in these women and children, mitochondrial and/or apoptotic compromise was not increased compared to uninfected controls or the remaining HIV cohort. Although all these adverse outcomes are unspecific of HIV and HAART and could be associated with other pathological situations, with respect to HIV pregnancies, our findings failed to demonstrate that mitochondria or apoptosis disturbances played a role in infant outcome. This assertion does not rule out the possibility that mitochondrial dysfunction in newborns could contribute to the future development of metabolic problems in adulthood, independently of its subclinical perinatal consequences [37] .
The study may have some limitations. First, the analysis of mononuclear cells could show different mitochondrial and apoptotic results compared to those present in other tissues directly related to pregnancy development. Second, the small size of our sample could hinder the testing of our hypothesis (mitochondrial or apoptotic basis of adverse perinatal outcome), independently of its veracity. Third, lack of pregnant HIV women naive for HAART or HIVinfected children could limit the assessment of HIVimplication in adverse perinatal outcome. Fourth, lack of newborn symptomatic of mitochondrial toxicity at delivery could reduce the presence of molecular lesion in our infant population. Fifth, although all treated women had received at least 6 months of double-NRTI schedules, previous and current treatment options were not completely uniform and the results could therefore differ in alternative treatment interventions. Finally, we cannot discard the possibility that adverse effects of HIV or HAART, alternative to mitochondrial dysfunction or apoptosis, may play a role.
Despite these limitations, we can, however, conclude that ART administration along pregnancy may cause the transplacental subclinical mitochondrial lesions observed in both pregnant women and their in-utero-exposed newborn. This finding is confirmed by materno-fetal correlated mitochondrial protein synthesis and enzymatic function. On the contrary, antiretroviral drugs may prevent newborn apoptotic lesions, thereby leading to beneficial effects independent of MTCT prevention.
In conclusion, no relationship was found between mitochondrial and apoptotic abnormalities and adverse perinatal outcome. However, mitochondrial toxicity associated with NRTI administration and newborn morbidity should be further investigated in tissues directly related to pregnancy in larger cohorts of patients including naive pregnant HIV women or women under NRTI-sparing regimens, as well as HIV-infected newborn and newborn with symptomatic manifestation of mitochondrial or apoptotic lesion.
